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ABSTRACT

Conversion of 351-nm las[:; light to f?“ x-rays has been studied using spherical
gold targets irradiated at 5§ x 10'“ -4 x 10'-° W/cm*“. Spectra and time historics of sub-
keV and M-band e¢mission arc presented. Results have been compared to detailed models
(1 ASNEX) to better determine the dynamics of the plasma processes which lead to x-rav
criss.on,

LINTRODUCTION

High-Z plasmas produced by short wavelength lasers in the —IOl3 - IO15 W/cm:
irradiance regime can radiate a large fraction of the total ¢nergy budget as soft x-ravs,
primarily <1.5 ke¥. This can be important for applications to incrtial confinement
fusion, where these x-rays may be used to indirectly drive the implosion of a fucl-filled
capsule. In addition, Loth t..¢ linc and continuum x-ray emission from t'.... nlasmas can
have important applications to materials and biological research.

The x-ray emission from these plusmas results from a complex interplay of coupled
processes including the laser absorption, thermal clectron cnergy transport within the
plasma, non-LTFE (local thermodynamic equilibrium) atomic physics and radiation
transport, and hydrodynamics, Model simulation of these plasmas typically requires a
large radiation-hydrodynamics code such as LASNEX (ref 1, Zimmerman). Tests of
modcling predictions which are sensitive to these processes, together with spectroscopic
studies, arc important to developing an undcerstanding and a predictive capability for x-
ray emission,

Onc important prediction of LASNEX simulnlionsﬂis a chil{ngc in the chigacter of
high-Z plasmas with laser intensity, from below Klambda“) = 10" (W/cm“)-um* to above
that valuc. At low intensities, most of the lascr light 1s absorbed by inverse
bremsstrahlung in an extended region of the corona, and the rate of deposition iy
sufficiently low that radiation from the same extended region keeps the corona cool (<1
keV). At high intensitics, the coronal temperature rises and most of the laser deposition
occurs just below the critcal density; electron thermal transport carries the encrgy to
narrow region ol higher density just above critical, where the radiation takes plive,



2. EXPERIMENTAL SETUP

The experiments described here (ref 2, Goldstone) were performed at the
University of Rochester Omega laser (ref 3, Soures) frequency-tripled to 351 nm. Either
the {ul' 24 beam array or a 6-beam subsct was used, but always with spherical symmecetry.
Pulses were nominally gaussian with a typical FWHM of 650 ps. Targets werc solid
polystyrene (CH) spheres coated with gold. Beams were focused beyond the taict so that
the edges of each bsam were tangential to the target sphere, providing optimum
irradiation uniformity (~50 2rms for trl\g six-bcsm series and ~20% rms for the 24-bcam
series). Intensities of 5 x 10 4 x 107 W/cm*“ were obtained by vaang the target size
at fixed laser energy (six beams, ~250 J; 24 beams, ~1.7 kJ). At 4 x 10"~ and 4 x lO1
W/cm<“, both six- and 24-beam shots were nperformed. Different gold thicknesses, from 160
Angstrom to 3 um, allowed us to study emission in circumstances where the gold was
complctely ablated into the corona during the laser pulse, as well as for essentially
infinite-thickness targets. Typical depths of laser burnthrough vary from <100 Angstrom
to >1000 Angstrom over the intensity range we studied. For the remainder of this
discussion we usc the term "thick target” to describe those with gold thickness much
greater than the laser burnthrough depth, and "thin targct” to describe those with gold
thickness less than or equal to the laser burnthrough depth.

Emission spectra were studied with a varicty of crystal spectrographs covering 2 -
7 Angstrom, and a transmission grating spectrograph covering 2 - 140 Angstrom with 2
Angstrom resolution. In addition time-resoived spectra were obtained with a streaked
grating spectrograph and a streaked clliptical crystal spectrograph (SPEAXS) (ref 4,
Jaanmagl). Absolute emission below 1.5 keV was inferred from a four-channel filtered x-
ray-diodc (XRD) spectromceter (ref §, Plen), using the grating spectra to provide detailed
information as to the spectral shape. Plasma calorimeters were used to determine the laser
absorption. To study thc encrgy penctration into the thin-gold laycred targets, we
obscrved total x-ray conversion as a function of layer thickness as well as the time-
rcsolved emission. The issuc of cxtended coronal emission versus localized emission was
studied in part oy time-integrated keV x-ray microscopy aad is also addressed by how
abruptly the sub-keV emission decreases at the time of laser burnthrough into the CH
substrate. Dctails of many of these x-rny diagnostics can be found in a recent review
(ref. 6, Richardson).

3 X-RAY CCNVERSION (h(nu) < 1.5 k¢*'}

For thick goldltargc_(s. X-ray conversion cflficicncics E di ted’Egbsorbed arc
shown in Flg. 1. A discussion of thc data reduction may be l’oun% n rc‘fcrcncc 2. The
agrcement with LASNEX calculations is quite good for the high-energy, 24-beam dmua it
esscntinlly classical heat flux (flux limit f,=0.08) is assumed. This flux limit is also
consistent with thermal transport mcasurements in low-Z spherical experiments at short
wavelength. Previous planar-target (disk) experiments had required inhibited heat flux
(fc-0.0J) for ndequnte model [its (ref.7, Mead).

Thus, for the 24-beam experiments the target encrgy balance appears to be well-
modecled. The six-beam data, on the other hand, fall below the 24-beam conversion
efliciencies and do not show the cxpected intensity dependence; they agree well with
earlier low-energy disk data at the same laser wavelength (ref. 8, Turner). ‘lic
discrepancy between the six- and 24-beam data is particularly pronounced nt -3 x 1oh?
W/em*=. While this discrepancy could imply o size- o laser-energy-dependence to the v
ray conversion not fovnd in the model calculations, it is also possible that the reduced
irradiation uniformity in the six-beam experiments plays a role,



4 LAYERED-TARGET BURNTHR H RESULT

The time-integrated x-rav conversion (Ex < 1.5 keV) decreases for thin gold lavers
since the CH substrate is an inceffective x-ray emitter. The rate of decrease of the time-
integratcd emission with decrecasing thickness, as well as the abruptness of the reduction
in the time-resolved emission at the time of burnthrough, depend on the extent to which
the emission is localized near the critical density or, conversely, comes from the extendcd
corona. Time-integrated results (Flgure 2) agree with modcling both in the thickness at
which the emission begins to sienificantly decrease (indicating that the laser encrgy
penetration or mass ablation is as calculated) and in the rate of decrease with thickness.
Further discussion is found in reference 2.

Time- Ecsolvcd sub-keV emission shows a rapid reduction at burnthrough time for 4

ﬂ 14 W/c (Figure 3) consistent with the expected narrow cmission region. At 4 x
107 W/cm (not shown), there is no such abrupt decreasz in emission even for gold layers
that arc ablated early in the pulse; this is consistent with the emission coming from an
cxtended region of the corona where the gold is present long after burnthrough. While
there is a rapid emission decreasc in Figure 3 as expected, it is apparent that in the 800-
eV region there is considerably more cmission after burnthough than calculated. From
examinations of the strcaked spectra this appears to be gold cinission rather than carbon
emission from the substrate. This may indicate more coronal emission than predicted by
thc model for this intensity. Also in Figure 3, note that the timc history of M-band
emission (~2-4 keV) as scen in the strcaked grating spcctrograph is not significantly
affccted by the layer thickness. This may be cxpevted since these high-energy lines arc
most likely produced in the corona where the temperatures are highest. (However, onc
SPEAXS rccord in the M-band region did apparently show some emission-time shortening
for a thin target.) M-band spectra and time historices are discussed further below.

2. SPATIAL DISTRIBUTIONS AND UNIFORMITY

Figure 4 shows 2-3 keV images from 24-beam irradiations, obtained with a
5’1(!‘|C Bacz microscope. Figure 4a and 4b arc for thick gold layersat 4 x 10°" and 4

W/cm= (initial target diamcters of 450 um and 140 um), respectively. The images
arc hnghl_\' limb-brightencd, incdicating a small optical thickness at this photon energy.
The relatively uniform emission is apparent; in this intensity range the kilovolt emission
varics approximately lincarly with lascr intensity (ref. 9, Marshaill) and so this reflccts
the relatively uniform irradiation, Sub-kilovolt pinhole camera images also show
relatively uniform emission from these targets, Some slight asphericity of the targets
resulting from the lfabrication process may be noted in figurc 4,

Figure 4c i5s an image of a target with a 580-Angstrom-thick gold layer. For these
thin layers we routinely observed a small-scale spatial modulation of the emission (of
which Flg. 4c is a p.rticularly dramatic example). This may be related to filamentation
enhancing lascr bcam nonuniformitiecs. Microscopic examinations of the uniformity of
gold layer thickness on witness targets indicate that ¢ven these thin layers were uniform
to ~10% down to micron-sizc arcas. Thus gold thickness nonunformities would not appeir
to be a likely cause ol this mottled emission pattern,

Figure 4d is an azimuthally-averaged lincout of Fig. 4a alter conversion from film
density to intensity. A comparison with a LASNEX/TDG calculation (normalized in
intensity) shows that the calculated extent of the emission region and its motion with time
during the laser pulse are rcasonable.

l\lrk



6. SUB-KILOVOLT SFECTRA

Details of the sub-kilovolt continuum spectra differ significantly from the
LASMEX calculations using non-LTE hydrogenic average-atom models, and also show
interesting systematic changes with intensity, target size, and gold layer thickness. Figure
§ shows a LASNEX-calculated spectrum and one obtained from the time-integrated
grating spectrograph using 101 film and Henke’s film calibration (ref. 10, Henke). Notc
that the vertical scale is linear. The observed {cature near 250 eV is attributed primarily
to transitions into the gold O-shell (although (delta)n=0 transitions might also contributc
to this region), and that near 600-800 eV is attributed to transitions into the N-shell (5-4
transitions). For simplicity we refer to these as the O- and N-band peaks, although this is
not strictly corr-~t.

Figure 6 shows spectra for thick and thin targets at intensities from 10‘3-10l5
W/cm<“. Note that the centroid of the N-manifold moves from ~600 eV to ~800 eV with
incrcasing intensity, as the mean charge state of the emitting plasma increases from ~23
to ~50. This is consistent with LA§NEX calculations. (The centroid of the N-band
einission is at ~400 ¢V for 4 x 10"~ irradiations, not shown). Also in figure 6, note that
the thin-layered targets exhibit spectra with narrower O- and N- [eatures; for thicker
targets both broaden to the low-encrgy side.

Figure 7 shows a comparison of spectra from high-energy, large-target, 24-beam
shots to those from lower-energy, small-target shots at the same intensity. The small-
target thick-gola spectra are quite similar to those from lavae (argets but thin gold lavers.
This suggests that the broadening to low encrgy seen in the large-target thick-layer shots
may be related to an increased optical thickness of the plasma as compared io targets with
less gold or smaller radius. We speculate that the apparent shift in x-ray conversion
efficiency with target size and number of beams (Fig. 1) might be connected with such an
cffect, and we have attempted to reproduce a target-size dependence in x-ray conversion
by adjusting various parameters within the LASNEX model, including oscillator strengths.
opacity multiplicrs, line widths, and ncn-LTE rates. Nonc of these changes had the
desired cffect, and we conclude that a more subtle improvement to the LASNEX model is
nceded to reproducce the spectral details and, perhaps, to reproduce the small-target x-ray
conversion elficiencies,

M-band (2-4 ch) c‘{mssnon is strongl\' dependent on laser intensity with relatively

lll I§ cmissjon below ~ W/cm , rising to scveral percent of the incident cnergy by 4 x

W/cm*“, As much as 10-20% of the total radfgtcd flux can be in M-band emission at
lhcsc high intensitics. A typical spectrum at ~10"- i5 shown in Figure 8 along with
identifications of several of the transition arrays. Typical ionization states responsible
for this emission are Co-like to Ga-like (Z = 48 - §2).

Using SPEAXS to compare streaked M-band spectra with an optical fiducial, we
find that tac M-band emission is considerably delayed and shortened at the lower laser
intensities. Flgure 9 ,hcm/s overlays of the NII band ¢ ussnon and the optical fiducial for
two shots, onc at 4 x 10"~ and onc at 4 x ,0 W/cm At the lower intensity the onsct ol
M-emission is delayed by ~110 ps. The shortening and delay of keV line emission is
physically reasonable, since the emission will have a strong dependence on the coronal
temperature For these relatively cold plasmas and will only be significant ncar the peak
of the laser heating pulsc.



8, CONCLUSIONS

We have found that in kilojoule-scale experiments with good uniformity of
irradiation, x-ray conversion is efficient and the overall target energy balance agrees well
with the LASNEX modeling. From the layered-target burnthrough experiments and
imaging, it is apparent that the calculated laser energy penetration and the gross
hydrodynamic motion of the targct, along with the spatial characteristics of the sub-keV
emitting region (localized or extended), are in reasonable agreemcnt with experimental
results. For smaller targets in lower energy experiments with poorer uniformity, x-ray
conversion is reduced, particularly at low intensity. The origin of this effect is not clear
and future experiments will attempt to distinguish between the e¢lfects of uniformity and
target-size scaling. Average-atom calculations do not well reproduce details of the
emission spectra, although the shift in the centroid energy of the N-band emission is
consistent with the calculated variation of mcan charge state in the emitting region. More
dctailed atomic physics models will be required to calculate these spectral features and
their observed changes with gold layer thickness and target size. Finally, M-band
emission can contain scveral percent of incident laser cnergy at tnc highest intensitics
studicd hcere.
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Figure captions

1. Thick-target x-ray conversion cfficiecncy

2. Fraction of thick-target x-ray emission 2s a fraction of gold thickness

3. Experimental and calﬁxlatcd tﬁ'mc histories of x-ray emission for thick (left) and thin
(right) targets at 4 x ]10°" W/cm<“. Strcak camera has ~15 ps resolution, XRD ~300 ps. All
streaks are normalized to pcak intensity, but the two XRD records are on a common
absolute scale.

4. 2-3 keV tmages of target emission. 4a-4d (top lelt to bottom right) explanation in tcxt.

2

5. Calculated and experimental sub-keV spectra at 4 x lOl4 W/cm*“. Vertical scale is

linecar.
6. Spectra from thick (solid lines) and thin (dotted lines) targets at diffcrent intensitics.

7. Comparison of kilojoule thick-target spectra to both thin-target and low-energy/small-
target spectra.

8. Gold M-band spectrum at lO15 W/cm2

9. SPEA XS comparison of M-band emission and optical fiducial
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NORMALIZED SPECTRAL INTENSITY
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NORMALIZED SPECTRA DENSITY

SMALL, LOW-ENERGY SHOTS PRODUCE SPECTRA
SIMILAR TO THOSE FROM THIN GOLD LAYERS

Narrower “O” peak, more pronounced “N” peak
for smaller/thinner targets
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LOG INTENSITY

SPEAXS COMPARISON OF M-BAND
EMISSION AND OPTICAL FIDUCIAL SHOWS
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